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Wind powerAbstract In this paper, a predictive direct power control (PDPC) method for the brushless doubly
fed reluctance generator (BDFRG) is proposed. Firstly, the BDFRG active and reactive power
equations are derived and then the active and reactive power variations have been predicted within
a fixed sampling period. The predicted power variations are used to calculate the required voltage of
the secondary winding so that the power errors at the end of the following sampling period are elim-
inated. Switching pulses are produced using space vector pulse width modulation (SVPWM)
approach which causes to a fixed switching frequency. The BDFRG model and the proposed con-
trol method are simulated in MATLAB/Simulink software. Simulation results indicate the good
performance of the control system in tracking of the active and reactive power references in both
power step and speed variation conditions. In addition, fast dynamic response and lower output
power ripple are other advantages of this control method.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Nowadays, the brushless doubly fed reluctance generators
(BDFRG) have been proposed as a potential alternative to
the existing solutions for wind power applications [1–10].
The main reason of this increasing interest could be found in
reasonable cost and high reliability of the BDFRG because
of its brushless structure. On the other hand, its comparative
performance with other generators such as wound and cage
rotor induction generator, doubly fed induction generator(DFIG) and brushless doubly fed induction generator
(BDFIG) leads to consideration of the BDFRG as a suitable
choice for wind power application [11,12]. Previously, the
BDFRG couldn’t compete with its induction counterpart
(BDFIG) because of low saliency ratio of reluctance rotor
which caused lower torque in the BDFRG. However, recent
developments in reluctance rotors with high saliency ratio, lead
to more attention to the BDFRG [2].
The BDFRG needs partially-rated converter in wind power
applications like other doubly fed generators [1–3,13]. In addi-
tion, the absence of rotor cage makes it more efficient [4] and
easier to control [3] in comparison with the BDFIG. On the
other hand, its brushless structure ensures high reliability
and low maintenance of the BDFRG, which is especially
important to off-shore plants [14].
2498 M. Moazen et al.The BDFRG has two sinusoidal distributed three-phase
winding in its stator in which the pole pairs and applied fre-
quencies to these windings are different from each other
[14,15]. The primary winding (power winding) is directly con-
nected to the grid and the secondary winding (control winding)
is connected to the grid through a back to back IGBT/Diode
converter for bi-directional power flow which is shown in
Fig. 1 [14].
Since the pole pairs of two stator windings are always dif-
ferent, so with a round rotor, there is ideally no magnetic cou-
pling between them [2]. However, a reluctance rotor with Pr
salient poles could make magnetic coupling between the pri-
mary winding with P1 pole pairs and the secondary winding
with P2 pole pairs (supplied with angular frequencies xp and
xs, respectively) by satisfying the following equations [2]:
Pr ¼ P1 þ P2 ð1Þ
xr ¼ xp þ xs ð2Þ
where xr is the electrical angular velocity of the rotor.
Different methods have been proposed to control the
BDFRG over the years. Field orientation control (FOC)
[16–24] and vector control (VC) [3,19–26] are two similar
methods that are presented to control the BDFRG. The
FOC method is based on field orientation and the VC method
is based on voltage orientation. Although orientation of volt-
age in the VC method is simpler, the FOC method has the
advantage of inherent decoupled control of active and reactive
power, which greatly facilitates the controller design [24]. In
these control methods, accurate adjustment of current con-
troller parameters is required to ensure adequate response
and stability of system over the whole operating range.
Direct torque control (DTC) method, which is based on
decoupled control of flux and torque, has been applied to
the BDFRG [27–31]. The absence of current control loops is
one the advantages of the DTC method in comparison with
the FOC method. Also, dynamic response of the DTC is faster
than the FOC/VC. However, switching frequency of the DTC
method is variable because of using hysteresis controller. In
[32,33], an improved DTC method by combination of power
controllers (PI controllers) and space vector modulation is pro-
posed to reach a fixed switching frequency. However, it is
required for accurate tuning of PI parameters.
Direct power control (DPC) method, which is based on the
DTC principles, is another method for control of the BDFRG
[14,34]. Changing control parameters from flux and torque in
the DTC to active and reactive powers in the DPC leads to
simplicity and robustness of the DPC method (with similarmω
Converter
DC
BDFRG
Figure 1 The connection ofdynamic response). However, switching frequency of the
DPC method is also variable because of using hysteresis con-
troller. Variable switching frequency not only causes high out-
put power ripple but also causes increase in harmonic filter
cost. A comparative analysis of these control methods has
been presented in [35].
In this paper, a predictive direct power control (PDPC)
method is proposed to control the BDFRG. The proposed
PDPC method has the advantage of fixed switching frequency,
whereas its dynamic response is as fast as the DPC method.
Fixed switching frequency leads to significant decrease in out-
put power ripple of the proposed method in comparison with
the DPC method. In addition, the proposed PDPC method
does not need hysteresis controller and uses space vector pulse
wide modulation (SVPWM) technique. In Section 2, the
BDFRG model in an arbitrary reference frame is presented.
Section 3 is dedicated to calculation of the BDFRG power
equations. The basic principles of the PDPC strategy are out-
lined in Section 4. In Section 5, back to back converter control
method is expressed. Finally, verifying simulation results for
the BDFRG control system are presented in Section 6.
2. BDFRG model
The space vector model of the BDFRG in an arbitrary refer-
ence frame rotating at x can be expressed as follows [36]:
vp ¼ Rpip þ dkp
dt
þ jxkp ð3Þvs ¼ Rsis þ dks
dt
þ jðxr  xÞks ð4Þkp ¼ Lpip þ Lpsis ð5Þks ¼ Lsis þ Lpsip ð6Þ
where Rp, Rs, Lp, Ls and Lps are primary resistance, secondary
resistance, primary inductance, secondary inductance and pri-
mary to secondary mutual inductance, respectively. xp and xs
are the space vectors in a reference frame rotating at x, for
the primary and secondary respectively. It should be noted
that primary and secondary equations are expressed in two dif-
ferent reference frames: primary equation, (3), in reference
frame x and secondary equation, (4), in reference frame
xr  x. The reference frames that are used in the model are
shown in Fig. 2 [5].Converter
 link
Grid
the BDFRG to the grid.
Figure 2 The reference frames used for the BDFRG model.
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In the previous section, the space vector equations of the
BDFRG in an arbitrary reference frame rotating at x were
expressed. Another reference frame is obtained by setting
h ¼ 0 [5,36] which is suitable for power equations derivation.
This leads to a stationary dq reference frame for the primary
equation and a rotor reference frame for the secondary equa-
tion. In the following equations, sub-subscripts s and r indicate
the stationary and rotor reference frames, respectively.
vps ¼ Rpips þ
dkps
dt
ð7Þ
vsr ¼ Rsisr þ
dksr
dt
þ jxrksr ð8Þ
In steady state, if the angular frequency of the primary
winding is xp, primary flux vector is rotating at a constant
angular velocity of xp. In this condition, the primary flux vec-
tor is as follows:
kps ¼ kpejxpt ð9Þ
With substituting (9) into (7):
vps ¼ Rpips þ jxpkps ð10Þ
Similarly, the secondary flux vector in stationary frame can be
written as follows:
kss ¼ ksejxst ð11Þ
Therefore, the secondary flux vector in the rotor reference
frame is obtained as follows:
ksr ¼ kssejhr ð12Þ
With substituting (12) into (8) [36]:
vsr ¼ Rsisr þ jxsksr ð13Þ
So, the steady state equations of the BDFRG can be sum-
marized as follows:
vps ¼ Rpips þ jxpkps ð14Þ
vsr ¼ Rsisr þ jxsksr ð15Þ
kps ¼ Lpips þ Lpsisr ð16Þksr ¼ Lsisr þ Lpsips ð17Þ
Above Eqs. (14)–(17), are used to obtain the BDFRG
power equations. The three-phase complex power of the
BDFRG primary winding is obtained from (18).
Sp ¼ Pp þ jQp ¼
3
2
vps i

ps
ð18Þ
With substituting (14) into (18):
Sp ¼ 3
2
Rpips þ jxpkps
 
ips ð19Þ
By ignoring the copper losses of the primary winding, (19)
is simplified as follows:
Sp ¼ 3
2
ðjxpkpsÞips ð20Þ
ips can be obtained from (16) and (17):
ips ¼
kps
rLp
 Lpsk

sr
rLpLs
ð21Þ
where r ¼ 1 L2ps=LpLs. With substituting ips from (21) into
(20):
Sp ¼ 3
2
ðjxpkpsÞ
kps
rLp
 Lpsksr
rLpLs
 
ð22Þ
So:
Sp ¼ 3
2
j
xp
rLp
k2p  j
xpLps
rLpLs
kpsksr
 
ð23Þ
From Fig. 2, the primary and secondary flux vectors can be
written as follows:
kp ¼ kpejap ¼ kpejðhphÞ ð24Þ
kps ¼ kpejhp ¼ kpejðhþapÞ ð25Þ
ksr ¼ ksejas ¼ ksejðhsþhhrÞ ð26Þ
Since h ¼ 0, hence kp ¼ kps and consequently hp ¼ ap. So
(23) could be rewritten as follows:
Sp ¼ 3
2
j
xp
rLp
k2p  j
xpLps
rLpLs
kpe
japkse
jas
 
ð27Þ
Finally, the three-phase complex power of the BDFRG pri-
mary winding is obtained as follows:
Sp ¼ 3
2
j
xp
rLp
k2p  j
xpLps
rLpLs
kpkse
jðapþasÞ
 
ð28Þ
So the three-phase active and reactive powers of the
BDFRG primary winding are as follows:
Pp ¼ RefSpg ¼ 3
2
xpLps
rLpLs
kpks sinðap þ asÞ ð29Þ
Qp ¼ ImfSpg ¼
3
2
xp
rLp
k2p 
3
2
xpLps
rLpLs
kpks cosðap þ asÞ ð30Þ
Also kpss is defined as follows:
kpss ¼
Lps
Lp
kps ð31Þ
In addition, d ¼ ap þ as is the angle between kpss and ksr
which is shown in Fig. 3.
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Figure 3 The representation of kpss and ksr .
2500 M. Moazen et al.If d axis is fixed to kpss vector, then jkpss j ¼ kpsd. Therefore
kpsd ¼ Lps
Lp
kp ð32Þ
and
ksd ¼ jksj cos d ð33Þ
ksq ¼ jksj sin d ð34Þ
So (29) and (30) can be expressed using d-q components:
Pp ¼ 3
2
xp
rLs
kpsdksq ð35Þ
Qp ¼
3
2
xp
rLs
kpsdksd þ LpLs
L2ps
k2psd
 !
ð36Þ
Thus, (35) and (36) indicate that the active and reactive
powers of the stator primary winding can be controlled inde-
pendently by adjusting ksq and ksd, respectively.
4. PDPC for BDFRG
PDPC method had been successfully applied to DFIG [37–39].
In this paper, a PDPC method is presented to control theFigure 4 The schematic block diagram of thBDFRG. The proposed PDPC principles include the following
aspects:
(a) Calculation of the required secondary winding voltage
based on the developed predicted power model (i.e.
(35) and (36)) within a fixed sampling period, Ts,
directly.
(b) Generation of proper voltage vectors within the fixed
sampling period to approximate the calculated sec-
ondary winding voltage by SVPWM method.
Suppose that, the active and reactive power errors are
obtained from the following equations at the beginning of
kth sampling period:
dPpðkÞ ¼ PpðkÞ  PpðkÞ ð37Þ
dQpðkÞ ¼ QpðkÞ QpðkÞ ð38Þ
The control objective within the following fixed sampling
period is elimination of the active and reactive power errors
at the end of the sampling period (the k+ 1th sampling point),
i.e.
dPpðkþ 1Þ ¼ Ppðkþ 1Þ  Ppðkþ 1Þ ¼ 0 ð39Þ
dQpðkþ 1Þ ¼ Qpðkþ 1Þ Qpðkþ 1Þ ¼ 0 ð40Þ
Thus, to satisfy (39) and (40), the variation of the active and
reactive powers during Ts should be equal to the following:
DPpðkÞ ¼ Ppðkþ 1Þ  PpðkÞ
¼ Ppðkþ 1Þ  PpðkÞ þ dPpðkÞ ð41Þ
DQpðkÞ ¼ Qpðkþ 1Þ QpðkÞ
¼ Qpðkþ 1Þ QpðkÞ þ dQpðkÞ ð42Þe system and the proposed PDPC method.
Figure 5 The simulated system in MATLAB/Simulink software.
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Table 1 The parameters of the BDFRG.
Rated power 1.5 kW
Rated voltage 415 V rms
Rated current 2.5 A rms
Synchronous speed 750 rpm
Poles 6/2
J 0.1 kg m2
Rp 10.7 O
Rs 12.68 O
Lp 0.407 H
Ls 1.256 H
Lps 0.57 H
Figure 6 The speed curve of the BDFRG.
2502 M. Moazen et al.If ‘‘zero-order sample and hold” is used for reference values
of the primary winding active and reactive powers, then
Ppðkþ 1Þ ¼ PpðkÞ and Qpðkþ 1Þ ¼ QpðkÞ, and the required
changes in active and reactive powers over k th sampling per-
iod are as follows:
DPpðkÞ ¼ dPpðkÞ ð43Þ
DQpðkÞ ¼ dQpðkÞ ð44Þ
Consequently, the objective of the proposed control strat-
egy is to generate required power changes, which is illustrated
in (43) and (44), by applying correct voltage to the control
winding. According to (35) and (36), and this fact that the flux
of the primary winding is constant, the changes of the active
and reactive powers over a small sampling period can be pre-
dicted as follows:Figure 7 The active and reactive output power of the BDFRG in sp
DPC method.DPpðkÞ ¼ 3
2
xp
rLs
kpsdðkÞDksqðkÞ ð45Þ
DQpðkÞ ¼ 
3
2
xp
rLs
kpsdðkÞDksdðkÞ ð46Þ
The flux change of the secondary winding within Ts can be
obtained with integrating from both sides of (8):
Dksr ¼
Z
Ts
vsr  Rsisr  jxrksrð Þdt ð47Þ
For a short sampling period, (47) could be approximated in
the d–q axes using Euler backward method as follows:
DksdðkÞ ¼ ksdðkþ 1Þ  ksdðkÞ
¼ vsdðkÞ  RsisdðkÞ þ xrðkÞksqðkÞ
 
Ts ð48Þ
DksqðkÞ ¼ ksqðkþ 1Þ  ksqðkÞ
¼ ðvsqðkÞ  RsisqðkÞ  xrðkÞksdðkÞÞTs ð49Þ
Substituting (48) and (49) into (45) and (46), respectively,
leads to required secondary winding voltage within the follow-
ing sampling period:
vsdðkÞ ¼ RsisdðkÞ  xrðkÞksqðkÞ þ 1
Ts
DQpðkÞ
 3
2
xp
rLs
kpsdðkÞ ð50Þ
vsqðkÞ ¼ RsisqðkÞ þ xrðkÞksdðkÞ þ 1
Ts
DPpðkÞ
3
2
xp
rLs
kpsdðkÞ ð51Þ
By ignoring copper losses of secondary winding, (50) and
(51) could be simplified as follows:
vsdðkÞ ¼ xrðkÞksqðkÞ 
2rLsDQpðkÞ
3TsxpkpsdðkÞ ð52Þ
vsqðkÞ ¼ xrðkÞksdðkÞ þ 2rLsDPpðkÞ
3TsxpkpsdðkÞ ð53Þ
Therefore, the required voltage which should be applied to
the secondary winding is given by the following:
vsrðkÞ ¼ jxrðkÞksr ðkÞ 
2rLs
3Tsxp
DQpðkÞ  jDPpðkÞ
kpsdðkÞ ð54Þ5. Control of back to back converter
The control winding of the BDFRG is connected to the grid
through a back to back converter. The duty of the grid sideeed variation operation: (a) the proposed PDPC method; (b) the
Figure 8 The current of the BDFRG secondary winding in speed variation operation: (a) the proposed PDPC method; (b) the DPC
method.
Model-based predictive direct power control 2503converter (GSC) is to charge DC link capacitor. GSC should
be controlled with the purpose of setting the voltage of DC
link to its reference value, while it has no reactive power trans-
fer with the grid. In this paper, predictive direct power control
method, which was presented by [40] to control a rectifier, is
used to control GSC. Correspondingly, the task of the
machine side converter (MSC) is to provide the required volt-
age of the BDFRG secondary winding. Therefore, the calcu-
lated voltage in (54) is set as a reference value for the
controller of MSC. SVPWM technique [41] is used to control
MSC which has constant switching frequency. The schematic
block diagram of the system and the proposed PDPC are
shown in Fig. 4.6. Simulation results
In this section, the performance of the proposed PDPC for the
BDFRG has been evaluated. For this purpose, the BDFRG
model and the proposed control method are simulated in
MATLAB/Simulink software (Fig. 5). The simulated model
consists of the following: (a) a 1.5 kW, 750 rpm, 6/2 poles
BDFRG, (b) a three-phase back to back IGBT/Diode con-
verter with 600 V DC link voltage and (c) a three-phase,
415 V, 50 Hz grid. The primary winding of the BDFRG is
directly connected to the grid, but its secondary winding is
connected, through the back to back converter. The BDFRG
parameters can be seen in Table 1 [6]. The control system per-
formance has been studied in both power step and speed vari-
ation conditions in the following subsections. For comparison,
system response with original DPC method [14] is also tested.
It should be noted that the BDFRG start-up period is not
shown in the results.6.1. Variable speed operation
The active and reactive power tracking of the BDFRG pri-
mary winding in variable speed operation has been studied
in this section. Fig. 6 shows the operational speed of the
BDFRG in all synchronous (750 rpm), super-synchronous
(950 rpm) and sub-synchronous (550 rpm) modes. The active
and reactive power references have been respectively set to
400 W and 500 VAr where the negative sign of the active
power indicates active power generation. The active and reac-
tive power of the BDFRG with the proposed PDPC and DPC
method has been illustrated in Fig. 7 which shows good power
tracking for both mentioned methods. However, in the pro-
posed PDPC method, output power ripple is very lower and
precise control of both the active and reactive powers has been
achieved. This is because of fixed switching frequency of MSC
in proposed PDPC method.
Fig. 8 shows the secondary current where its frequency
changes with speed variation. In synchronous mode, the sec-
ondary current frequency is 0 Hz. By speed increase in super-
synchronous mode, the secondary current frequency increases
and by speed decrease, it decreases so that it reaches to 0 Hz at
t= 5 s. The secondary current frequency decreases to negative
value in sub-synchronous mode where the variation of its
absolute value is proportional with speed deviation from syn-
chronous speed.
The primary current in speed variation operation has been
shown in Fig. 9. The amplitude of the primary current with the
proposed PDPC method is constant, because the primary
active and reactive power references are constant. However
with the DPC method, the amplitude of the primary current
experiences fluctuations because of existing high ripples in
the primary active and reactive powers. Fig. 10 shows the input
Figure 9 The current of the BDFRG primary winding in speed variation operation: (a) the proposed PDPC method; (b) its extended
view; (c) the DPC method; (d) its extended view.
Figure 10 The mechanical torque of the BDFRG in speed variation operation: (a) the proposed PDPC method; (b) the DPC method.
Figure 11 The active and reactive output power of the BDFRG in power step condition: (a) the proposed PDPC method; (b) the DPC
method.
2504 M. Moazen et al.mechanical torque to the BDFRG which leads to follow the
speed curve of Fig. 6. The negative sign of the mechanical tor-
que indicates the generation mode.
6.2. Power step condition
In this section, the power tracking of the BDFRG and its
dynamic response in power step condition have been evalu-ated. Although this PDPC method is proposed for wind power
application (generating state), it is also valid for motoring
state. So, simulation is performed for both generating and
motoring states (for comparison of proposed PDPC and
DPC [14]). Initial reference values for the active and reactive
powers are 400 W and 1400 VAr, respectively. Reactive
power reference value changes to 700 VAr, at t= 1 s and
active power reference value changes to 400 W at t= 2 s.
Figure 12 The dynamic response of the BDFRG output powers during the following: (a) active power step with the proposed PDPC
method; (b) active power step with the DPC method; (c) reactive power step with the proposed PDPC method; (d) reactive power step with
the DPC method.
Figure 13 The current of the BDFRG primary winding in power step condition: (a) the proposed PDPC method; (b) its extended view;
(c) the DPC method; (d) its extended view.
Model-based predictive direct power control 2505Negative and positive signs of active power respectively indi-
cate power generation and consumption. The active and reac-
tive power of the BDFRG with the proposed PDPC and the
DPC methods is shown in Fig. 11. Fig. 12 illustrates the
dynamic response of the BDFRG during active and reactive
power step. From Figs. 11 and 12, it can be seen that dynamicresponse of two methods is similar, but power ripple of the
proposed PDPC method is lower.
The primary current in power step condition has been
shown in Fig. 13. There is a step change in the amplitude of
the primary current at t= 1 s due to step change in the pri-
mary reactive power reference. At t= 2 s, only the sign of
Figure 14 The mechanical torque of the BDFRG in power step condition: (a) the proposed PDPC method; (b) the DPC method.
Figure 15 The speed of the BDFRG in power step condition: (a) the proposed PDPC method; (b) the DPC method.
2506 M. Moazen et al.the active power reference changes. Therefore, the amount of
the complex power is the same and the amplitude of the pri-
mary current does not change.
The input mechanical torque to the BDFRG during test 2
has been shown in Fig. 14. Fig. 15 illustrates the BDFRG
speed which is controlled to 800 rpm by less than 0.02% error.
7. Conclusion
In this paper, a PDPC strategy for the BDFRG has been pro-
posed. The active and reactive power variations of the
BDFRG primary (power) winding have been predicted, which
were used to calculate the required voltage of the secondary
(control) winding to eliminate power errors. SVPWM
approach was used to produce switching pulses. MATLAB/
Simulink software was utilized to simulate the BDFRG and
the proposed control method. Furthermore, original DPC
strategy was simulated for comparison. Result comparison of
the proposed PDPC with DPC shows better performance of
the proposed method in the BDFRG power control with fixed
switching frequency and lower ripple in addition to fast
dynamic response.
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